1. Introduction {#sec1}
===============

The discharge of refractory organic dyes, which possess high resistance to microbial degradation, has been a great challenge for the traditional water treatment.^[@ref1]^ As an advanced treatment method, photocatalysis oxidation aroused broad attention in water treatment owing to its powerful oxidation ability and environmental compatibility.^[@ref2]^ TiO~2~ is an extensively investigated photocatalyst due to its distinct photocatalytic efficiency, high stability, low cost, and nontoxicity.^[@ref3]^ However, because of the wide band gap (3.0--3.2 eV),^[@ref4]^ TiO~2~ mainly was stimulated by UV light, and the high recombination rate of photogenerated hole--electron pairs lowers the quantum efficiency of photocatalytic processes.^[@ref5]^ In addition, nanostructured TiO~2~ photocatalysts were usually used in a suspension system, which resulted in difficult recovery from the treated water.^[@ref6],[@ref7]^

As well known, functional photosensitizers, porphyrin and its derivatives, have high molar extinction coefficients in the region of visible light. The extensive system of delocalized π electrons results in very strong absorption in the visible region, including an intense absorption of the Soret band (400--450 nm) and four weak Q bands (500--650 nm).^[@ref8],[@ref9]^ Therefore, porphyrins and their metal complexes have been used as photocatalysts irradiated by visible light.^[@ref10]−[@ref12]^ For example, Kim et al.^[@ref13]^ studied the photocatalytic activities of tin porphyrin under visible light and the photocatalytic activities were demonstrated successfully by the degradation of acid orange 7 and 4-chlorophenol in water. Liu et al. prepared two-dimensional (2D) and three-dimensional (3D) porphyrin-functionalized materials, such as diporphyrin honeycomb film (composed of titanium dioxide, protoporphyrin IX, and hemin),^[@ref14]^ hemin-functionalized graphene hydrogel,^[@ref15]^ and 5,10,15,20-tetrakis(4-carboxylphenyl) porphyrin-sensitized graphitic carbon nitride nanosheets.^[@ref16]^ They also studied the photoelectrochemistry and photodegradation toward dyes. Moreover, porphyrins were also investigated as a sensitizer of TiO~2~, which extended the absorption of TiO~2~ to the visible region, enhanced interfacial charge transfer, and lowered the electron--hole recombination rate.^[@ref17],[@ref18]^

Although excellent photocatalytic performance was proved, the application of porphyrin was limited due to the aggregation of free porphyrin in the solution and the difficulty of recovery from the reaction mixture.^[@ref13]^ Therefore, porphyrin and its derivatives loading on porous substrates had been the focus for practical use.^[@ref19]−[@ref22]^ For example, Daoud et al.^[@ref23]^ reported a copper(II) porphyrin (*meso*-tetra(4-carboxyphenyl)porphyrinato, TCPP) and TiO~2~ complex, which was supported by cotton fabric. They found that methylene blue, stains of coffee, and wine were degraded by the cotton fabrics supported CuTCPP/TiO~2~ under visible light irradiation. In a previous work, *meso*-tetraphenylsulfonato porphyrin (TPPS) was loaded on porous membranes, such as quaternized polysulfone (QPSf) membrane, ethylenevinyl alcohol graft poly(2-(dimethylamino)ethylmethylacrylate) membrane, and also pH-responsive polysulfone graft poly(4-vinylpyridine) membrane.^[@ref24]−[@ref26]^ The supramolecular self-assembly and supramolecular chirality of TPPS was observed on these membranes. However, it was also found that the fluorescence intensity was decreased, which restricted the photocatalytic activity of porphyrin. Therefore, monolayer porphyrin on the solid substrates may be the key of the photocatalytic performance.

The aim of this work is to present a novel monolayer porphyrin-assembled porous membrane for dye degradation under irradiation of visible light. First, a polymer membrane with spongelike pores was fabricated from quaternized polysulfone (QPSf) via the nonsolvent induced phase separation (NIPS) process. Second, the electronegative porphyrin (TPPS) was immobilized on the positive charged QPSf membrane by self-assembly driven by the electrostatic interaction and the adsorption kinetics and thermodynamics of TPPS on the membrane were studied. Finally, the photocatalytic activities of the TPPS\@QPSf membrane were systematically investigated by degradation of dyes, including rhodamine B (RhB), methylene blue (MB), and methyl orange (MO), under irradiation of visible light. It was found that the removal efficiencies for the three dyes were all above 90% and the membrane was reusable. These results suggested that the TPPS\@QPSf membrane is a promising material for treatment of wastewater containing dyes under visible light irradiation.

2. Results and Discussion {#sec2}
=========================

2.1. Chemiphysical Characterization of QPSf {#sec2.1}
-------------------------------------------

The chemical structure of QPSf was confirmed by X-ray photoelectron spectroscopy (XPS), and the XPS spectra of QPSf as well as PSf and chloromethylated polysulfone (CMPSf) are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. It can be seen from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a (XPS spectrum of PSf) that three major emission peaks (167.4, 284.8, and 531.9 eV) were found, which were assigned to S 2p, C 1s, and O 1s, respectively. In the XPS spectrum of CMPSf ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), a new emission peak at 200 eV was found, which was ascribed to Cl 2p~3~. This result suggested that chloromethyl group (CH~2~Cl) was introduced onto PSF by chloromethylation. In the XPS spectrum of QPSf ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c), another new emission peak was found at 400 eV, which was ascribed to N 1s. These results further confirmed that quaternized polysulfone was obtained.

![XPS survey spectra: (a) PSF, (b) CMPSF, and (c) QPSf.](ao0c00135_0001){#fig1}

2.2. Preparation of QPSf Membrane {#sec2.2}
---------------------------------

### 2.2.1. Influence of Polymer Concentration {#sec2.2.1}

Polymer concentration is an important parameter for fabricating membrane by the NIPS method.^[@ref27]^ The influences of QPSf polymer concentration on morphology of the membrane are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. It can be seen that a dense top surface was obtained for all polymer concentrations from 14.0 to 22.0 wt %. On the contrary, open pores were found obvioursly on the bottom surface of the membrane, the pore size of which decreased with increase of polymer concentration. Furthermore, fingerlike holes could be found on the cross section when the polymer concentration was lower than 16.0 wt %, while spongelike pores were obtained at a polymer concentration higher than 16.0 wt %. The reason is that the pore structure of the membrane was directly affected by the viscosity of the casting solution. Gerenelly, a higher viscosity was obtained at a higher concentration of polymer, which results in a delayed demixing.^[@ref28]^ Under the driving force of a concentration gradient, slow mutual diffusion occurred between the solvent and nonsolvent during phase inversion delayed demixing.^[@ref29]^ Therefore, the fingerlike pores in the polymeric membranes were totally substitued by the spongelike pores with increasing polymer concentration higher than 16.0 wt %. The delayed demixing resulted in a small pore size and reduced porosity.^[@ref30]^ As a result, the pure water flux declined from 498.4 to 139.9 L·m^--2^·h^--1^ with an increase of polymer concentration from 14 to 22 wt % ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![Field emission scanning electron microscopy (FE-SEM) images of QPSf membranes with different polymer concentrations (a) 14 wt %, (b) 16 wt %, (c) 18 wt %, (d) 20 wt %, and (e) 22 wt %.](ao0c00135_0007){#fig2}

![Effect of polymer concentration on permeation of the QPSf membrane.](ao0c00135_0008){#fig3}

### 2.2.2. Effect of Coagulation Bath {#sec2.2.2}

Thermodynamics and kinetics are two dominating mechanisms that control the formation of polymeric porous membrane by NIPS. Therefore, the composition of the coagulation bath and temperature often play an important role in the structure of the obtained membrane.^[@ref31],[@ref32]^ As a green-friendly nonsolvent, water was used as the main coagulation bath for membrane formation. However, macroporous and fingerlike pores were obtained due to the instantaneous demixing in water. Therefore, ethanol or DMAc was introduced into the coagulation bath to control the structure of membrane, respectively.

The polarity of the nonsolvent was reduced when ethanol was added into water, which led to a change of phase separation from instantaneous demixing to delayed demixing. The delayed demixing process often resulted in a more spongelike structured membrane, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. A dense skin layer was obviously obtained, and the thickness of the dense layer gradually decreased from 6.20 to 4.10 μm with increasing ethanol content from 10 to 50 wt %, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. Similarly, spongelike structured membranes were also obtained when a DMAc/water mixture was used as the coagulation bath. This was because the difference between solvent (DMAc) and nonsolvent (DMAc/water) diminished when DMAc was added into water. More spongelike pores were obtained with increase of DMAc content in the coagulation bath ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d), and the thickness of the membrane increased gradually ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c).

![FE-SEM images of QPSf membranes from various coagulation baths (a) cross section of ethanol/water (ethanol content 10, 30, and 50 wt %), (b) upper cross section of ethanol/water (ethanol content 10, 30, and 50 wt %), (c) cross section of DMAc/water (DMAc content 10, 30, and 50 wt %), and (d) middle cross section of DMAc/water (DMAc content 10, 30, and 50 wt %).](ao0c00135_0009){#fig4}

The effects of coagulation bath on the permeation of membrane are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The pure water flux increased slightly on increasing ethanol or DMAc content in water, and the flux of the membrane coagulated in ethanol/water was much higher than that in DMAc/water. Therefore, ethanol/water (50 wt %) was used as the coagulation bath in the following experiment.

![Effect of coagulation bath on the permeation of the QPSf membrane.](ao0c00135_0010){#fig5}

### 2.2.3. Effect of Additive {#sec2.2.3}

Additive is another factor that controls the morphology and structure of polymer membrane. Typical inorganic additives include LiCl and ZnCl~2~, and typical polymer additives include poly(ethylene glycol) (PEG) and poly(vinylpyrrolidone) (PVP). Because of their high solubility in nonsolvent (usually water) and good miscibility with polymers, PEGs are widely used in preparing polymer membranes by NIPS.^[@ref33],[@ref34]^ In this work, PEG-20000 was used and the effects of PEG-20000 on composite membrane morphologies are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. It was found that the spongelike structure (cross section) of membrane was obtained. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, the micropores increased initially and decreased afterward, while the thickness of the dense layer gradually increased from 5.30 to 6.40 μm with increasing PEG-20000 content from 4 to 16 wt %. The reason can be explained by the two main mechanisms, thermodynamic stability and dynamics stability, which control the structure of membrane. As an additive, PEG reduced the compatibility of the mixtures in a casting solution, which resulted in the decrease of thermodynamic stability. On the contrary, the additive improved the viscosity of the casting solution, which led to dynamics stability of the casting solution. The phase separation process was controlled by the thermodynamic stability when the content of PEG was lower than 12 wt %. As a result, the porosity of the membrane increased from 84.6 to 87.1% with increasing PEG content from 4 to 12 wt % ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). However, it decreased to 77.6% when the PEG content was further increased to 16 wt %. This was because the phase separation process was restrained by the dynamics stability. The rapid diffusion between solvent and nonsolvent was reduced. Consequently, the spongelike structure with high porosity was substituted by a dense layer on both surfaces, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d. What is more, the increase of thickness of the dense layer further indicated the transformation phase separation process from thermodynamic stability to dynamics stability. The influence of PEG content on pure water flux of the QPSf membrane is also shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The pure water flux decreased from 548 to 327 L·m^--2^·h^--1^ with increasing PEG content from 4 to 16 wt % in the casting solution. According to the above results, a PEG content of 4 wt % was used in the following sections.

![FE-SEM images of QPSf membranes with various concentrations of PEG (a) 4 wt %, (b) 8 wt %, (c) 12 wt %, and (d) 16 wt %.](ao0c00135_0011){#fig6}

![Effect of PEG content on pure water flux and porosity of the QPSf membrane.](ao0c00135_0012){#fig7}

2.3. Adsorption and Characterization of TPPS on QPSf Membrane {#sec2.3}
-------------------------------------------------------------

### 2.3.1. Adsorption of TPPS on QPSf Membrane {#sec2.3.1}

The electronegative TPPS was immobilized on positive charged QPSf membrane by electrostatic interaction, and the FE-SEM images of the obtained TPPS\@QPSf membrane are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a,b. It can be seen that there are no visible aggregates^[@ref26]^ on the surface and the cross section of the TPPS\@QPSf membrane. Comparing with [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, no obvious changes on membrane structure were found. The pure water flux and porosity were 532 L·m^--2^·h^--1^ and 84.0%, which were similar to the control QPSf membrane, as described in [Section [2.2.3](#sec2.2.3){ref-type="other"}](#sec2.2.3){ref-type="other"} (PEG content 4%). These results suggested that the membrane pores were not blocked and no large aggregates formed on the membrane.

![Adsorption of TPPS on QPSf membrane. (a) FE-SEM image of top surface, (b) FE-SEM image of cross section, (c) adsorption kinetics, (d) adsorption thermodynamics.](ao0c00135_0013){#fig8}

The adsorption kinetics of TPPS on QPSf membrane was investigated as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c. It can be seen that the adsorption capacity increased dramatically at the first 180 min; then, it reached a plateau. The fitting parameters of the adsorption kinetics are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. As shown, the pseudo second-order model presented a higher value of *R*^2^ than that of the pseudo first-order model. The calculated *Q*~e~ was consistent with the actual values from experiments. These results indicated that the adsorption kinetic model of pseudo seccond order was more appropriate for the adsorption process of TPPS on QPSf membrane.

###### Kinetic Parameters of TPPS Adsorption on QPSf Membrane

  pseudo first-order model   pseudo second-order model                                    
  -------------------------- --------------------------- -------- ---------------- ------ --------
  0.015                      34.8                        0.9835   4.54 × 10^--4^   40.6   0.9944

The adsorption thermodynamic of TPPS on QPSf membrane was also investigated, as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}d. It was found that the adsorption capacities of TPPS increased linearly to 30 mg·g^--1^ on increasing the equilibrium concentration of TPPS. Afterward, it reached the maximum immobilization and the maximum adsorption capacity was about 39 mg·g^--1^. The Langmuir isothermal adsorption model and Freundlich adsorption model were used to characterize the adsorption thermodynamic process, and the resulting parameters are presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}; the Langmuir constant *k*~L~ was 13.82 mg·L^--1^ and the calculated maximum adsorption capacity *Q*~m~ was 40.84 mg·g^--1^, which was in agreement with the experiment result. The regression coefficient *R*^2^ for the Langmuir model and Freundlich model were 0.9924 and 0.8487, respectively. This indicates that the Langmuir isothermal adsorption model yields a relatively good fitting and the TPPS adsorption on QPSf membrane was monolayer adsorption immobilization.

###### Thermodynamic Parameters of TPPS Adsorption on QPSf Membrane

  Langmuir model   Freundlich model                    
  ---------------- ------------------ -------- ------- --------
  40.84            13.82              0.9924   11.46   0.8487

The desorption of TPPS from the TPPS\@QPSf membrane was carried out to illustrate the stability of TPPS on QPSf membrane. The TPPS\@QPSf membrane was immersed in deionized water, and the concentration of TPPS (desorbed from TPPS\@QPSf membrane) was determined by UV spectra. The desorption amount (DA) and desorption efficiency (DE) were calculated from [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}.where *C~t~* is the concentration of TPPS at a given time (mg·L^--1^), *V*~3~ is the volume of DI water, *m*~2~ is the mass of membrane (g), and *Q* is the adsorption capacity of TPPS on QPSf membrane (mg·g^--1^). The desorption efficiency of TPPS was only 2.72% after the TPPS\@QPSf membrane was soaked in DI water for 5 h, and it hardly increased after being soaked for 72 h. These results indicate that TPPS was adsorbed strongly on the QPSf membrane by electrostatic interaction and positive charged QPSf membrane is an excellent support for electronegative TPPS.

### 2.3.2. Characterization of TPPS\@QPSf Membrane {#sec2.3.2}

The UV--vis diffuse reflectance adsorption spectra of the TPPS\@QPSf membrane and control QPSf membrane are shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a. To illustrate the assembly behavior of TPPS on QPSf membrane, the UV--vis spectra of TPPS in an aqueous solution at pH 7.0 and 1.0 are also presented. As can be seen, there were no adsorption peaks in the visible light region for the pristine QPSf membrane. However, strong adsorptions were found for the TPPS\@QPSf membrane from 300--700 nm and the characteristic absorption peaks of Soret and Q bands of TPPS were observed on the membrane surface. This result suggested that TPPS was immobilized on the QPSf membrane successfully.

![Characterization of TPPS on QPSf membrane (a) UV--vis spectra, (b) ζ-potential.](ao0c00135_0014){#fig9}

Interestingly, in the UV--vis spectra of TPPS\@QPSf membrane, a broadened Soret band and four strong Q bands attracted our attention. Generally, a sharp peak of the Soret band at 413 nm and four very weak Q bands at 517, 553, 592, and 634 nm can be found for free TPPS at pH 7.0, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a. While the Soret band shifted from 413 to 434 nm, the Q band shifted to 595 and 644 due to the protonated porphyrin at pH 1.0 in an aqueous solution.^[@ref35]^ Two new Soret bands at 490 and 708 nm appeared in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a, which resulted from the formation of J aggregates (side-by-side type self-assembly of TPPS). However, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a, four strong peaks appeared at 517, 553, 591, and 634 nm, which suggested that the porphyrin on the membrane surface was mainly monomer.^[@ref36]^ The monodispersed porphyrins on the porous membrane substrate are desirable for the photocatalytic performance of TPPS under visible light irradiation.^[@ref37]^

The adsorption of TPPS on QPSf membrane was further confirmed by determining the electrical properties (ζ-potential) of the membrane surface before and after adsorption. The results are shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b. As shown, the value of ζ-potential ranges from 9.68 to −9.58 mV for the original QPSf membrane as the pH various from 3.0 to 10.0. The negative charged QPSf membrane is ascribed to the strong negative charge of the PSF substrate.^[@ref38],[@ref39]^ While for the TPPS\@QPSf membrane, it becomes more negative (from 3.57 to −22.45 mV) after TPPS is immobilized on the membrane surface. These results further confirmed that TPPS was immobilized on the QPSf membrane.

2.4. Photocatalytic Degradation Performance of TPPS\@QPSf Membrane {#sec2.4}
------------------------------------------------------------------

### 2.4.1. Photocatalytic Degradation of RhB {#sec2.4.1}

Batch photocatalytic degradation experiments were applied to evaluate the photocatalytic activities of free-based TPPS and the as-prepared TPPS\@QPSf membrane, and the results are shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. It can be seen from [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a that the concentration of RhB was not changed under the irradiation of visible light without photocatalyst, which indicated the stability of RhB. However, the absorbance decayed with increasing irradiation time when it was catalyzed by the TPPS\@QPSf membrane under visible light irradiation, as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b, which suggested that the removal efficiency of RhB increased continuously. It can be seen from [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a, the removal efficiency of RhB was about 10.3% in the first 30 min (without visible light irradiation), which was due to the adsorption of RhB on the TPPS\@QPSf membrane, while the removal efficiency increased rapidly under the irradiation of visible light and the final removal efficiency was up to 92.1% after 300 min. For comparison, the degradation of RhB was also carried out in a homogeneous reaction using the TPPS solution. It was found from [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a that only about 40% RhB was removed under visible light irradiation for 300 min. This low removal efficiency may be due to the aggregation of porphyrin, which usually results in the decrease of photoresponse performance.^[@ref40]^ This result suggested that the photocatalytic performance of TPPS was aroused tremendously after it was immobilized on the QPSf membrane. This is attributed to the strong photoresponse in the visible range of the dispersed immobilized TPPS on the membrane surface, as illustrated in [Section [2.3.2](#sec2.3.2){ref-type="other"}](#sec2.3.2){ref-type="other"}.

![Photocatalytic degradation of RhB (a) and absorbance decay of RhB (b) (inset: color changes of RhB solution per 20 min degraded by TPPS\@QPSf membrane).](ao0c00135_0002){#fig10}

The initial RhB concentration affected the photocatalytic degradation significantly, and the results are shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a. It was clearly observed that the removal efficiency reduced on increasing the initial concentration of RhB. The removal efficiency was 92.1% at a concentration of 10 mg·L^--1^, while it reduced to 79.6% on increasing the initial concentration of RhB to 16 mg·L^--1^. What's more, it was observed that the removal efficiency increased linearly with irradiation time and a turning point was found after 180 to 240 min at various initial concentrations of RhB, which indicated the change of the kinetic model, as is to be discussed in [Section [2.5](#sec2.5){ref-type="other"}](#sec2.5){ref-type="other"}.

![Influence of RhB initial concentration on the removal efficiency (a) and the reusability of TPPS\@QPSf membrane (RhB initial concentration 10 mg·L^--1^) (b).](ao0c00135_0003){#fig11}

The stability and reusability performance are key characters of catalysts for practical application. The recycling experiments of the TPPS\@QPSf membrane were carried out after the used membrane was rinsed by DI water, and the results are shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b. As can be seen from [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b, there was no obvious change in the removal efficiency (\>90%) after the membrane was used for 10 cycles. These results indicated that TPPS was immobilized on the membrane firmly and the TPPS\@QPSf membrane can be reused for the next degradation experiment.

### 2.4.2. Photocatalytic Degradation for Other Dyes {#sec2.4.2}

The resultant TPPS\@QPSf membrane can also be used for effective degradation of methylene blue (MB) and methyl orange (MO), and the comparison results are shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}. Herein, the initial concentration of each dye was 10 mg·L^--1^. As shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a,b, the absorbance decayed with increasing irradiation time when they were catalyzed by the TPPS\@QPSf membrane, which suggested that the removal efficiencies of MB and MO kept increasing continuously. As shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}c, the first 30 min (without visible light irradiation) was for the adsorption of dyes on the membrane surface. It was found that about 10.8 and 7.6% of MB and MO were adsorbed on the TPPS\@QPSf membrane. However, the removal efficiencies of the two dyes increased rapidly when they were irradiated by visible light and the final removal efficiencies for MB and MO were 94.1 and 92.1% after irradiation for 200 and 300 min, respectively. Therefore, the TPPS\@QPSf membrane can be used for various dye degradations when coupled with visible light irradiation.

![Photodegradation of methylene blue and methyl orange (a) absorbance decay of methylene blue, (b) absorbance decay of methyl orange, (c) removal efficiencies of methylene blue and methyl orange (inset: color changes of MB or MO solution per 20 min).](ao0c00135_0004){#fig12}

2.5. Kinetics of Photodegradation by TPPS\@QPSf Membrane {#sec2.5}
--------------------------------------------------------

To determine the kinetics of photodegradation, the relationships between *C~t~* and irradiation time or ln(*C*~0~/*C~t~*) and irradiation time are plotted as shown in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}. It was found that the degradation process can be divided into two stages. Taking the degradation of RhB (10 mg·L^--1^) as an example, the linear relationship between *C~t~* and time in the first stage (*t* \< 180 min as shown in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}a) illustrated that the degradation of RhB was a zero-order reaction and the reaction rate constant for the zero-order reaction was 3.3 × 10^--2^ mg·L^--1^·min^--1^, while in the second stage (*t* \> 180 min), the linear relationship between ln(*C*~0~/*C~t~*) and *t* (min) suggested that the degradation of RhB followed a pseudo first-order kinetics and the reaction rate constant was 1.2 × 10^--2^ min^--1^.

![Photodegradation kinetics of dyes by TPPS\@QPSf membrane (a) rhodamine B, (b) methylene blue, and (c) methyl orange.](ao0c00135_0005){#fig13}

These results can be explained by the primary reaction and secondary reaction of photochemistry. First, the photodegradation took place on the membrane surface. Second, the adsorption and desorption of dye molecules on the membrane surface followed a fast equilibrium in the first stage with a high level of RhB concentration. In this case, the fraction of surface coverage was kept a constant. According to the Langmuir--Hinshelwood equation ([eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}), the reaction rate (−d*C~t~*/d*t*) was a constant. Third, the concentration of RhB reduced after irradiation for 200 min and the surface diffusion process became the rate-determining step. Therefore, the reaction rate equation can be written as [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, and it can be transformed into [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} at a very low concentration of RhB. As a result, ln(*C*~0~/*C~t~*) had a linear relationship with irradiation time, which demonstrated that the secondary process was a pseudo first-order reaction.where *C~t~* was the RhB concentration at time *t*, *k*~0~ is the rate constant for zero order, *b* is the adsorption constant of Langmuir, and *k*~app~ is the apparent rate constant for the first order.

Similarly, the degradation kinetics of MB and MO also contained two processes, as shown in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}b,c. The reaction rate constants of the primary reaction were 4.3 × 10^--2^ and 7.6 mg·L^--1^·min^--1^ for degradation of MB and MO, respectively, and the reaction rate constants of the secondary reaction for each were 1.1 × 10^--2^ and 1.6 × 10^--2^ min^--1^.

2.6. Degradation of RhB by Photocatalysis Coupling with TPPS\@QPSf Membrane Reactor {#sec2.6}
-----------------------------------------------------------------------------------

In industrial application, cross-flow filtration was widely applied owing to the alleviated membrane fouling by shear force. Therefore, the photocatalytic degradation of RhB was further carried on by the cross-flow filtration coupling with visible light irradiation. In the cross-flow filtration process, the transmembrane pressure was held at around 5 × 10^--3^ MPa to provide sufficient contact time between RhB molecules and TPPS\@QPSf membrane. As shown in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}, *C~t~*/*C*~0~ in the permeate solution increased from 0.84 to 0.96 in the first 60 min when QPSf membrane was equipped in the photocatalytic membrane reactor (PMR). *C~t~*/*C*~0~ less than 1.0 was due to the adsorption of RhB on the membrane. Furthermore, *C~t~*/*C*~0~ remained 0.99, which indicated that there was almost no rejection for RhB and also no RhB degradation by QPSf membrane without immobilization of TPPS. On the contrary, *C~t~*/*C*~0~ was less than 0.10, which indicated that RhB in the permeate solution was degraded by PMR when the TPPS\@QPSf membrane was equipped in PMR. The RhB removal efficiency remained around 93.0% for 300 min in the permeate under visible light irradiation. Furthermore, the total organic carbon (TOC) value was measured to evaluate the removal of RhB by photocatalysis coupling with TPPS\@QPSf membrane filtration. However, the TOC removal ratio in the permeate was only 21.5%. This result indicated that partial mineralization of RhB took place during the degradation by the TPPS\@SPSf membrane, which we will discuss in [Section [2.7](#sec2.7){ref-type="other"}](#sec2.7){ref-type="other"}. The low TOC removal ratio can be explained as follows: On the one hand, the mineralization could only occur before the solution discolored, as discussed in the literature,^[@ref41],[@ref42]^ because no substrates could be excited under irradiation of visible light after the solution was discolored completely. On the other hand, the degraded RhB solution penetrates the membrane and no further degradation occurs because of no contact with the catalyst (TPPS\@QPSf membrane).

![Photocatalytic degradation of RhB by photocatalytic membrane reactor.](ao0c00135_0006){#fig14}

2.7. Photocatalysis Degradation Mechanism of RhB {#sec2.7}
------------------------------------------------

To expound the photocatalysis degradation mechanism of RhB, gas chromatography mass spectrometry (GC-MS) was used to detect the components in the permeate after degradation. The results are shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. It can be seen from [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} that the degradation products mainly include benzoic acid and phenols, polyhydric fatty acids, and short-chain polyhydroxy alcohols. The degradation process can be described as follows: Photogenerated electron (e^--^) and hole (h^+^) pairs were generated when porphyrins on the membrane surface were excited by visible light. High-energy electrons can react with water and O~2~ to generate active oxides, such as hydroxyl radicals (^•^OH) and superoxide anion radicals (^•^O^2--^). Furthermore, ^1^O~2~ can also be generated through energy transfer reactions.^[@ref43]^ Under an attack from these active oxides, RhB molecules were decomposed into benzoic acid, terephthalic acid, and other polycarboxylic acid compounds. Finally, these compounds containing benzene ring were further degraded into polyhydric fatty acids and polyhydric alcohols, as shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. Other advanced oxidation methods or biochemical treatment methods are needed for further mineralization.

###### Detected Degradation Products of RhB by GC-MS

![](ao0c00135_0017){#fx1}

3. Conclusions {#sec3}
==============

In this study, a positive charged quaternized polysulfone membrane for supporting electronegative porphyrin (TPPS) was successfully fabricated by the NIPS process. The morphologies and performance of the blend membrane were affected by the polymer concentration, coagulation bath, and additives. A spongelike porous structure membrane with porosity of 87.1% and water flux of 371.3 L·m^--2^·h^--1^ was prepared under the following conditions: QPSf polymer concentration of 18 wt %, PEG-20k concentration of 12 wt %, and *V*~ethanol~/*V*~water~ = 1:1 as the coagulation bath. Monodispersed TPPS was assembled on the QPSf membrane surface by electrostatic interaction, and the adsorption of TPPS on QPSf membrane followed the pseudo second-order kinetic model and Langmuir adsorption isotherm equation. The range of visible light response of porphyrin (TPPS) was expanded after it was assembled on the membrane surface, and the photocatalytic performance of the resulted TPPS\@QPSf membrane for dyes was then enhanced dramatically. The removal efficiencies for RhB, MB, and MO were 92.1, 94.1, and 92.1% when they were catalyzed by the TPPS\@QPSf membrane under visible light irradiation, respectively. What's more, there was no obvious change in the removal efficiency for RhB after the TPPS\@QPSf membrane was used for 10 cycles. Finally, the degradation of RhB was carried out by a photocatalytic membrane reactor and the removal efficiency of RhB by photocatalysis coupling with the TPPS\@QPSf membrane reactor was up to 93.0% for 300 min of continuous running. Therefore, the TPPS\@QPSf membrane is promising for dyeing water treatment coupling with visible light irradiation, and a photocatalytic membrane reactor (PMR) with TPPS\@QPSf membrane may be an optimal strategy for continuous treatment of dyeing wastewater by photocatalytic degradation coupling with membrane flow filtration.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

Polysulfone (PSf, MW = 80 kDa) was supplied by Solvay Co. Ltd. (Shanghai). Chloromethylated polysulfone (CMPSf) with a degree of substitution (DS)^[@ref26]^ of 22% was prepared according to our previous work.^[@ref44]^*meso*-Tetraphenylsulfonato porphyrin (TPPS) was purchased from J&K Scientific Ltd. Rhodamine B (RhB), methylene blue (MB), and methyl orange (MO) were purchased from Tianjin Guangfu Fine Chemical Research Institute. All other chemicals were of analytical grade and used as received.

4.2. Preparation and Characterization of Quaternized Polysulfone Membrane {#sec4.2}
-------------------------------------------------------------------------

QPSf polymer was prepared through the quaternization reaction, as shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. Briefly, CMPSF (5 g) was dissolved in *N*,*N*-dimethylacetamide (DMAc, 50 mL). Then, excess trimethylamine was added dropwise and the mixture was stirred at room temperature for 24 h. Quaternized polysulfone polymer was precipitated in deionized water. To eliminate any unreacted trimethylamine, a Soxhlet extractor was applied with ethanol for 12 h. The chemical structure of the quaternized polymer was characterized by XPS.

![Synthesis Route of Quaternized Polysulfone Polymer](ao0c00135_0015){#sch1}

The quaternized polysulfone membrane was prepared by the traditional nonsolvent induced phase separation (NIPS). Quaternized polysulfone was dissolved in DMAc at 60 °C. After being degassed under vacuum, the homogeneous casting solution was cast on a clean glass plate with a gap of 200 μm by an automated membrane applicator (Elcometer 4340, England). Then, it was immersed into a coagulation bath immediately for phase separation at room temperature. The obtained membrane was soaked in DI water for 24 h to remove traces of DMAc and additive. The effects of polymer concentration, content of additive (PEG-20000), and composition of coagulation bath on membrane structures were explored.

The morphologies of the QPSf membrane were recorded by a Hitach S-4800 field emission scanning electron microscope (FE-SEM). The cross section of the composite membrane was obtained after being dipped into liquid nitrogen and fractured instantly. Then, the cross section as well as the surface of membranes were coated with gold by a sputter-coating machine before test.

The pure water flux (*J*~w~, L·m^--2^·h^--1^) of the membrane was determined at 0.1 MPa by a filtration cell with an effective area of 2.2 × 10^--3^ m^2^. The membrane was compacted by DI water for 40 min at 0.15 MPa before collecting the data. The flux was calculated by [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}([@ref45])where *V* is the collected volume of permeate (L), Δ*t* is the effective time during the filtration (h), and *A*~1~ is the active area of the membrane (m^2^).

The composite membrane porosity (ρ~r~, %) was determined by a weighing method, and it was calculated by [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}([@ref46])where *w*~1~ (g) and *w*~2~ (g) are the weights of the wet and dry membranes, respectively, and *A*~2~ (cm^2^), *l* (cm), and *d*~m~ (g·cm^--3^) are the effective area, thickness, and density of QPSf membrane.

4.3. Preparation and Characterization of TPPS\@QPSf Membrane {#sec4.3}
------------------------------------------------------------

TPPS\@QPSf membrane was fabricated by an electrostatic assembly. The details can be briefly described as follows: (1) The surplus moisture on the surface of the as-prepared QPSf membrane was removed with filter paper. (2) The QPSf membrane was immerged into an aqueous solution of TPPS on a water bath oscillation at 150 rpm and 25 ± 0.1 °C. The anionic TPPS molecules were absorbed on the positively charged QPSf membrane by electrostatic interaction. (3) The electrostatic assembly of TPPS\@QPSf membrane was rinsed by distillate water until no TPPS was detected in the eluent. The concentration of TPPS with a high extinction coefficient (ε~414 nm~ = 5.33 × 10^5^ L·mol^--1^·cm^--1^) in the solution was determined according to the law of Lambert--Beer,^[@ref47]^ and the adsorption capacity (*Q*, mg·g^--1^) of TPPS in porous membrane was calculated by [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}where *C*~0~ and *C~t~* are the concentrations (mg·L^--1^) of TPPS in the initial solution and at a given time, respectively, which are determined by UV spectra (Shimadzu UV 2700).^[@ref48]^*m* is the mass (g) of the dry membrane, and *V*~2~ is the volume (L) of TPPS solution.

To study the adsorption mechanism, the pseudo first-order ([eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}) and pseudo second-order adsorption ([eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}) kinetic models have been applied to describe the adsorption processwhere *k*~1~ (min^--1^) and *k*~2~ (mg·g^--1^·min^--1^) are rate constants of the pseudo first-order and pseudo second-order models. *Q*~e~ and *Q~t~* are the adsorption amounts (mg·g^--1^) at equilibrium and time *t* (min), respectively.

The adsorption isotherm studies were also conducted to illustrate the transmission of TPPS from the solution phase to the membrane phase at equilibrium. The Langmuir isothermal adsorption model in [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} and the Freundlich adsorption model in [eq [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} were used to characterize the adsorption thermodynamic processwhere *Q*~e~ (mg·g^--1^) and *Q*~m~ (mg·g^--1^) are the equilibrium and maximum adsorption capacities of TPPS, respectively. *K*~3~ (μmol·L^--1^) and *k*~4~ ((mg·g^--1^)(L·μmol^--1^)^1/*n*^) are the Langmuir constant and Freundich constant, respectively. *c*~e~ (μmol·L^--1^) is the equilibrium concentration of TPPS. *n* is the empirical parameter.

The ζ-potential was measured through a streaming potential measurement unit (Surpass 3, Anton Paar, Austria) by using a 1 mmol·L^--1^ KCl solution as the electrolyte, with the pH value ranging from 3.0 to 10.0.

4.4. Photocatalytic Degradation of Dyes {#sec4.4}
---------------------------------------

Batch photocatalytic degradation experiments were conducted in a glass beaker filled with a dye solution (10 mg·L^--1^, 200 mL) and porphyrin catalysts (0.70 mg of free-based TPPS or 10 pieces of TPPS\@QPSf membrane with 1 × 1 cm^2^ size and adsorption capacity of 35 mg·g^--1^) at the ambient temperature and atmospheric pressure. A schematic diagram of the experimental setup for the photocatalytic degradation is shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}a. A 300 W Xenon lamp (CEL-HXF300, AuLight, Beijing) was served as the visible light source right above the beaker, and a glass filter was used to block UV light to ensure illumination by visible light only. Samples (3 mL of dye solution after degradation) were taken from the reactor at given time intervals, and the concentration of the dye was determined by a UV--vis spectrophotometer. The removal efficiency of the dye was calculated by [eq [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"}where *C*~0~ and *C* are the concentrations (mg·L^--1^) of the initial dye solution and the solution after degradation at time *t*, respectively.

![Schematic Diagram of the Experimental Setup for Photocatalytic Degradation (a) Batch Experiment, (b) Photocatalytic Membrane Reactor](ao0c00135_0016){#sch2}

To evaluate the treatment of dyeing wastewater by photocatalysis coupling with filtration, a photocatalytic membrane reactor (PMR) equipped with the TPPS\@QPSf membrane was applied by a flow-through filtration model, as shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}b. Herein, the TPPS\@QPSf membrane was equipped in the membrane cell between two module sheets. The material of the module was poly(methyl methacrylate) (PMMA) with 92% light transmittance, which ensured that the light can reach the membrane surface. A Xenon lamp (300 W) served as the visible light source above the membrane cell, and the distance between the surface of membrane and the light source was 20 cm. The photocatalytic degradation took place on the membrane surface when the aqueous solution of dye flowed through the membrane under the irradiation of visible light. The concentration of dye was determined by a UV--vis spectrophotometer. The removal efficiency of the dye in the permeate solution (η~p~) was calculated by [eq [14](#eq14){ref-type="disp-formula"}](#eq14){ref-type="disp-formula"}where *C*~0~ and *C*~p~ are the concentrations (mg·L^--1^) of the initial dye solution and permeate solution, respectively.

The total organic carbon (TOC) value of the feed and the permeate solution was measured by a TOC analysis (GE Innovox). The removal ratio of TOC (*R*~TOC~, %) was calculated by [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"}where TOC~p~ is the TOC value of the permeate solution (ppm) and TOC~f~ is the TOC value of the feed (ppm).

Gas chromatography mass spectrometry (GC-MS) was applied to determine the products of RhB degraded by the TPPS\@QPSf membrane under visible light irradiation.^[@ref49]^ It was carried out on a Thermo Finnigan Trace gas chromatographer interfaced with a Polaris Q ion trap mass spectrometer and with a DB-5 GC column (30 m × 0.25 mm i.d., 0.25 μm, Agilent). The oven temperature program was set from 50 °C (2 min) to 260 °C at 5 °C·min^--1^. The injection temperature was 260 °C. Helium was used as the carrier gas.
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